Introduction The LDL receptor-related protein (LRP) is larger than but structurally similar to other members of the LDL receptor gene family, an ancient family of endocytic receptors (1-3). Whereas the LDL receptor, the founding member of this family, appears to act solely in lipoprotein metabolism, the LRP and other members of this family appear to have other distinct functions. In this article, we will focus on the diverse biological roles of the LRP, which include functions in lipid metabolism, and also in the homeostasis of proteinases and proteinase inhibitors, cellular entry of viruses and toxins, activation of lysosomal enzymes, cellular signal transduction, and neurotransmission.Structural organization of LRP LRP, like all members of the LDLreceptor gene family, consists of five common structural units shown in Figure 1 : (a) ligand-binding (complement) type cysteine-rich repeats, (b) epidermal growth factor (EGF) receptor-like cysteine-rich repeats, (c) YWTD domains, (d) a single membrane-spanning segment, and (e) a cytoplasmic tail that harbors between one and three NPxY motifs. Ligand-binding-type repeats in LRP occur in clusters containing between two and eleven individual repeats. Most of the known ligands for LRP (Table 1) , for which the binding sites have been mapped, interact with these ligand-binding-type domains (4). These are followed by EGF precursor homology domains, which consist of the two EGF repeats, six YWTD repeats that are arranged in 
are either proteinases or molecules associated with regulating proteolytic activity. Certain serine proteinases and metalloproteinases bind directly to LRP, while a number of other proteinases only bind once complexed with their specific inhibitors. The latter include members of the Serpin superfamily of serine proteinase inhibitors and the pan-proteinase inhibitors α 2 M and pregnancy zone protein. These inhibitors are only recognized by LRP following a conformation change that occurs in them after proteolytic cleavage or reaction with small amines. In contrast, LRP recognizes both the native and complexed forms of tissue factor pathway inhibitor (TFPI) (a proteinase inhibitor containing Kunitz-type proteinase inhibitor domains). LRP also binds to the multimeric matrix proteins thrombospondin-1 and thrombospondin-2 and delivers Pseudomonas exotoxin A and minor-group human rhinovirus into cells. In addition, LRP recognizes a number of intracellular proteins, including HSP-96, the HIV-1 Tat protein, and RAP, an endoplasmic reticulum resident protein that functions as a molecular chaperone for LRP and other LDL receptor family members.
A major question that remains unanswered is how LRP can recognize 30 structurally distinct ligands with high affinity. Earlier work with the LDL receptor revealed that the complement-type ligand-binding repeats are responsible for its recognition of ligands; consequently most work has focused on the four clusters of ligand-binding repeats that are present in LRP. Crystallographic and nuclear magnetic resonance studies of individual repeats have revealed that the sequence variability in short loop regions of each repeat results in a unique contour surface and charge density for each repeat (7) .
While the locations of the ligand recognition sites for all ligands within LRP are not yet known, two general approaches have been successfully employed to identify the regions responsible for binding a number of ligands. In the first approach (8), LRP "minireceptors" have been prepared by fusing various clusters of ligandbinding repeats to the LRP light-chain and measuring their ability to mediate the cellular internalization of ligands following expression in cells. In the second approach (5), soluble recombinant receptor fragments representing each of the clusters in LRP are tested for their ability to bind various known LRP ligands in vitro.
Together, these studies have yielded some important insights into the ligand recognition properties of LRP. First, it appears that the major ligand-binding sites within LRP are contained in clusters II and IV; thus far, no ligands besides RAP have been identified that bind to cluster I or cluster III (Figure 1 ). Interestingly, most ligands bind equally well to both clusters II and IV, suggesting a functional duplication within LRP (5) . Second, deletion analysis reveals that high-affinity binding of most ligands with LRP requires their interaction with multiple ligand-binding repeats. Some ligands, such as α 2 M*, appear to bind repeats from two or more clusters. These studies reveal that the ability of LRP to bind numerous structurally distinct ligands with high affinity arises from the presence of 31 ligand-binding-type repeats in the molecule, from the unique contour surface and charge distribution for each repeat, and from multiple interactions between both the ligand and the receptor. Some ligands can recognize different combinations of these repeats in a sequential fashion, while others appear to recognize repeats from separate clusters. Table 2 ). A search for such proteins was initiated because it became impossible to reconcile a bewildering spectrum of experimental observations relating to various functions of LRP and other members of the LDL receptor gene family with a simple role as an endocytic receptor or cellular transporter of extracellular ligands. Initially, the search focused on the tetra-amino acid "NPxY" motif that is present in two copies in the LRP tail. Both motifs can independently function as internalization signals. However, one such motif is sufficient to mediate rapid endocytosis of the LDL receptor (9), suggesting that one or both of these motifs might interact with other proteins in the cytoplasm, in addition to the endocytotic machinery. NPxY motifs had just been shown to interact with cytoplasmic proteins harboring so-called phosphotyrosine-binding (PTB) domains. Furthermore, in an increasing number of cases it became apparent that phosphorylation of the tyrosine residue in these motifs was not required for binding to PTB domains. Two cytoplasmic, PTB domain-containing proteins were originally described that can interact specifically with the NPxY motifs in the LRP tail. One of these proteins, mammalian Disabled-1 (Dab1), specifically binds the second NPxY motif in the LRP tail and also to equivalent sequences in other LDL receptor family members, and it plays a critical role in the transmission of a positional signal to migrating neurons during brain development (10) . The second such protein, the scaffold protein FE65, contains two PTB domains and one WW domain by which it can specifically interact with LRP (6), with the amyloid precursor protein (APP) (11, 12) , and with members of the Ena/VASP family of actin-binding proteins (13) . Two FE65-like proteins also exist in mammalian species. Both interact via one of their PTB domains with APP (14, 15) . Whether the other PTB domain in FE65L1 and FE65L2 interacts with LRP has not been tested, but it seems likely. After the initial discovery of Dab1 and FE65 as LRP tail-binding proteins, extensive yeast two-hybrid screens were conducted using different parts of cytoplasmic tails from LDL receptor family members (16, 17) . Several other gene products were identified that interact specifically with distinct regions in the cytoplasmic tails of LDL receptor family members. Some of these proteins also contain PTB domains (16) (17) (18) , which are involved in receptor tail binding, whereas most of the others contain another type of protein interaction structure, PDZ domains. These newly identified adapter and scaffold proteins are key organizers or regulators of mitogen-activated protein (MAP) kinase signaling, ion channel function in the postsynaptic density, microtubular transport, nitric oxide signaling, and axon guidance. LRP in most of these processes remain to be determined, it is now clear that LDL receptor family members are involved in at least some of them (2, 10, 19) .
Interactions with intracellular adapter and scaffold proteins

Lipoprotein metabolism
When LRP was originally identified, its structural similarity to the LDL receptor and its expression in the liver suggested a role in lipoprotein metabolism and cholesterol homeostasis. Further in vitro evidence that LRP binds apoE led to the proposal that this molecule serves as a receptor for chylomicron remnants, lipoproteins that shuttle primarily dietary cholesterol from the gut to the liver. However, at the same time considerable evidence began to emerge suggesting that a major function of LRP lies in the removal of proteinase and proteinase inhibitor complexes (see below), raising the possibility that LRP may be a multifunctional scavenger receptor. A critical role of LRP, reaching beyond a restricted role in chylomicron remnant transport, was also suggested by gene knockout experiments that revealed an absolute requirement for LRP during the early stages of embryonic development in the mouse (20) .
A role for LRP in lipoprotein metabolism has been strengthened by independent findings that revealed that LRP binds not only chylomicron remnants, but also the lipases that are directly involved in the generation of the remnant lipoproteins from triglyceride-rich chylomicrons (21) . Several physiological and genetic studies in mice finally confirmed a function of LRP, in concert with the LDL receptor, in hepatic remnant metabolism (22) (23) (24) . LRP is highly expressed not only in the liver, but also in virtually all neurons in the brain. Furthermore, astrocytes abundantly produce apoE in the CNS, raising the possibility that neuronal LRP mediates the neuronal uptake of astrocyte-derived cholesterol and other lipids. Such a function of LRP in the CNS is particularly intriguing in light of the role of apoE in the pathogenesis of late-onset Alzheimer disease and the role of cellular cholesterol content in the processing of APP to the amyloidogenic Aβ peptide (25) .
LRP in proteinase metabolism
Through its effects on certain serine proteinases and metalloproteinases, LRP serves as a crucial regulator of extracellular proteolytic activity. Urokinase-type plasminogen activator (uPA) and tissue-type plasminogen activator (tPA) are serine proteinases that activate plasminogen and play important roles in wound repair, tumor invasion, and cell migration in both normal and pathologic situations (26) . uPA is predominantly cellassociated, interacting with a cellular receptor, uPAR, and it initiates a proteolytic cascade that activates plasminogen to plasmin, which in turn can activate matrix metalloproteinases. This proteolytic pathway is regulated by a specific inhibitor, PA inhibitor-1 (PAI-1), which forms a stable complex with uPA. Once formed, this complex is rapidly internalized along with uPAR and is degraded (Figure 2 ) in a process mediated by LRP or other LDL receptor family members (20, 27) . This degradative pathway regenerates unoccupied uPAR, which is necessary to sustain plasminogen activation on the cell surface. Failure to remove uPA:PAI-1 complexes from the cell surface diminishes the capacity for plasminogen activation (28) and may impair the ability of uPA to mediate the removal of PAI-1 bound to vitronectin, thereby inhibiting uPA-dependent cellular migration (29) . Finally, the interaction of uPA with uPAR initiates a variety of intracellular signaling events, such as calcium influx (30) , formation of inositol-3-phosphate (30) , and activation of protein kinases such as the MAP kinase extracellular signal-related kinase (ERK) and its upstream regulator (31) .
In addition to its effects on uPA and tPA levels and activity, LRP also regulates levels of certain matrix metalloproteinase (MMP) family members. Barmina et al. (32) demonstrated that the catabolism of MMP-13 (collagenase-3) involves two receptors: a specific collagenase-3 receptor that acts as a primary binding site on cells, and LRP, which is required for internalization of this enzyme. Yang et al. (33) found that anti-LRP IgG and RAP can each inhibit adhesion and lead to increased MMP-2 levels in conditioned media from wild-type, but not thrombospondin-2-null, cells, confirming that clearance of MMP-2/thrombospondin-2 complexes is mediated by LRP. Finally, Hahn-Dantona et al. (34) demonstrated a direct high-affinity interaction between MMP-9 and LRP. The ability of LRP to modulate the levels of three MMPs (MMP-2, MMP-13, and MMP-9) indicates a major role for this receptor in removing excessive extracellular proteolytic activity. In the case of MMP-9, tight regulation of its activity and levels is important, since this MMP has roles in a variety of processes, including tumor progression and metastasis (35) . LRP levels and activity are known to be substantially decreased in tumors (36) , which would decrease the catabolism of MMP-9 and other proteinases, leading to higher levels of these enzymes at the tumor sites. Of interest in this regard, Kancha et al. (36) observed a correlation between invasive phenotype and low LRP expression in different subclones derived from a tumor cell line, although MMP-9 levels were not measured in these studies.
Activation of lysosomal enzymes
LRP is also indirectly involved in the regulation of the activity of lipid-degrading lysosomal enzymes that require a sphingolipid activator protein (SAP) for activation. Four distinct SAPs (A-D) are generated from a common SAP precursor protein by proteolytic cleavage in the lysosome. Genetic defects in the SAP precursor result in the lysosomal accumulation of several different types of cellular lipids due to enzymatic deficiencies in cerebrosidases, sphingomyelinases, glucosidases, and hexosaminidases (37) . The SAP precursor is transported to the lysosome by two separate pathways involving an intracellular pathway by which SAP is shuttled directly from the trans-Golgi network to the lysosomes and an indirect pathway whereby SAP is first secreted by the cell and then internalized by the same or a neighboring cell. Two different receptor systems mediate SAP transport. Mannose-6-phosphate receptors are involved on one hand, and LRP on the other (38) . Regulation of lysosomal lipid degradative pathways seems to be critical to a cell's survival, thus providing a ration-ale for a redundancy in SAP transport mechanisms. As a consequence, only minor accumulations of lysosomal lipids can be detected in LRP-deficient fibroblasts (S. Huettler et al., unpublished observations).
Cellular entry of viruses and toxins
In the course of evolution, LRP has been hijacked as an entry receptor for a family of viruses and for a bacterial toxin. Minor group rhinoviruses use members of the LDL receptor gene family, not exclusively LRP, as a docking receptor on the cell surface mediating their endocytic uptake into the target cell (39) . Furthermore, a toxin from Pseudomonas aeruginosa, Pseudomonas exotoxin A, enters the cell exclusively via LRP (40) . The latter is a single-chain polypeptide that harbors three distinct functional domains: a receptor-binding domain by which the toxin binds to LRP at the cell surface; a fusogenic domain, which mediates the translocation of the toxin into the cytoplasm; and an enzymatic domain that mediates ADP-ribosylation of elongation factor 2, thereby shutting down protein synthesis in the cell. Recently, a role for LRP in the activation of HIV has also been reported. In this case, LRP was shown to function as a receptor for the HIV-Tat protein, a transactivator for viral genes that is secreted by macrophages and other infected cells in which HIV replicates (41) . The Tat protein binds LRP and thereby becomes internalized. It then leaves the endosomes by a process that is poorly understood and enters the nucleus of the target cells where it stimulates the transcription of dormant viral genes. This process is thought to be of particular importance in the nervous system where LRP is abundantly expressed on neurons and where it may accelerate the dementia that accompanies advanced HIV infection.
Emerging functions in neurotransmission
LRP present in neurons has the capacity to signal and may be involved in long-term potentiation (LTP) and in regulating synaptic plasticity. LTP is an electrophysiological parameter that is widely used to assess the strength and stability of synaptic connections. Such synaptic connectivity patterns are thought to be part of the structural basis for long-term memory. Studies in tPA-deficient mice (42) reveal that late-phase LTP is significantly impaired when compared with that in wildtype mice, and that it can be restored by adding exogenous tPA. The effect of tPA on LTP results from its association with LRP (43), as RAP inhibits tPA-mediated LTP. tPA has also been reported to potentiate NMDA receptor-mediated neurotoxicity via cleavage of the NR1 subunit of the NMDA receptor, leading to increased activity of the NMDA receptor (44) . Another LRP ligand, α 2 M*, associates with neuronal LRP and induces a calcium influx via NMDA receptors (19) , indicating a linkage between LRP and NMDA receptors, which could occur via the multivalent scaffold protein PSD-95 (Figure 2, right) . PSD-95 associates with NMDA receptors as well as the cytoplasmic domain of LRP (16) . The influx of calcium due to LRP-mediated activation of NMDA receptor channels is likely to affect a variety of downstream signaling cascades and may provide a mechanism of altering local synaptic plasticity.
Potential roles in Alzheimer disease
A number of findings suggest that LRP contributes to the pathobiology of Alzheimer disease (AD). LRP serves as a receptor for APP, apoE, and α 2 M, all of which have been genetically linked to AD. Further, the levels of LRP decrease substantially with age (45), the major risk factor for nonfamilial AD. The contribution of LRP to AD is complex, and studies demonstrate that LRP has the capacity to influence both the production and the clearance of Aβ. The association of LRP with forms of APP that contain a Kunitz-type proteinase inhibitor (KPI) domain (46) alters APP processing, leading to increased Aβ production (47) . At the same time, the Aβ peptide binds avidly to LRP ligands, such as α 2 M and apoE, and LRP-mediated clearance of these ligands complexed to Aβ contributes to a reduction in Aβ levels (45, 48) . Interestingly, a silent polymorphism in exon 3 of the LRP gene (C776T) is associated with an altered risk for lateonset AD (49) , and significantly lower levels of LRP in the brain have been reported in AD patients with the C/C genotype compared with patients with the C/T or T/T genotype. Decreased LRP expression at clearance sites (perhaps at neurons or at sites along the capillary membranes) could lead to decreased α 2 M* and/or apoEpromoted Aβ catabolism, resulting in increased Aβ deposition. At the same time, increased expression of LRP in activated glia in the AD brain is well documented and could lead to increased Aβ production by these cells, also leading to increased Aβ deposition. Finally, the signaling roles of LRP in response to ligand binding may be important for normal synaptic plasticity, and loss of LRP function or levels may impair these processes and lead to neuronal degeneration.
Conclusion
Our views of the functions of LRP, and of the LDL receptor gene family in general, are shifting. We can no longer think of this evolutionarily ancient and multifunctional receptor as a simple cargo transporter. The picture that is now emerging synthesizes the binding and removal of diverse biological ligands at the cell surface and the signals that many of these ligands evoke, informing the target cell of the conditions in its everchanging environment. Our goal now must be to understand the biochemical pathways along which these signals are transduced as well as the physiological functions they regulate.
